the transient electromagnetic fields radiated by lightning discharges, are used to determine the current moment waveforms of vertical lightning discharges. In order to extract this information the propagation of radio atmospherics from source to receiver must be modeled accurately, especially in view of the important role played by the D and E regions of the ionosphere at these long (>200 km) wavelengths. We model broadband ELF sferic waveforms by adapting a single-frequency ELF propagation code to calculate an ELF propagation impulse response under the assumption of horizontal ionospheric homogeneity, with which we extract the source lightning current waveform from an observed ELF sferic waveform using a deconvolution method based on linear regularization. Tests on modeled sferics indicate that the method is accurate and relatively insensitive to noise, and we demonstrate the application of the technique with a sprite-associated sferic. Since ELF sferics can often be observed many thousands of kilometers from the source discharge, the technique developed here represents a powerful new method of remotely sensing lightning current waveforms.
of this energy is linear, and therefore we ignore any ionospheric modification by the radiated lightning energy. Although intense lightning discharges produce both heating and ionization at ionospheric altitudes [Taranenko et el., 1993] , such disturbances are generally localized, and their effects on ELF sferics at long distances are expected to be small. This earity implies that the sferic waveform is given by the convolution of the source current moment and the overall system impulse response, defined as the fields observed remotely from an impulsive vertical lightning discharge, which includes the effects of sigha! propagation and reception. Thus the extraction of the current moment amounts to a deconvolution of the observed ELF sferic and an appropriate propagation impulse response, which we implement with a technique known as linear regularization. We model the propagation impulse response by adapting a general, single-frequency ELF-VLF propagation code (Long Wave Propagation Capability, or LWPC) [Pappert and Moler, 1974; Pappert and Ferguson, 1986 ] to model broadband ELF sferic waveforms.
To simplify the extraction of the source current moment, we only consider the propagation of the quasi-transverse electromagnetic (QTEM) mode in a horizontally homogeneous Earth-ionosphere waveguide (although inhomogeneities can be accounted for if required). Our assumption of homogeneity is valid at midlatitudes at night when the ionosphere is relatively stable, but it breaks down in regions of known inhomogeneity such as the day-night terminator. Since the QTEM mode is ine•ciently excited by a horizontal current source, our method is effectively limited to measuring Vertical currents. Although the sferic waveforms received on the ground are composed of a superposition of this QTEM mode and other waveguide modes, the desired QTEM mode can be extracted by low-pass filtering the sferics at ""1.5 kHz, as the quasi-transverse electric (QTE) and quasi-transverse magnetic (QTM) modes typically have a sharp cutoff near this frequency and thus do not contain significant energy below it [e.g., Curemet et el., 1998a]. This filtering necessarily limits the bandwidth of the extracted current moment and therefore precludes the extraction of current waveform characteristics with frequencies above 1.5 kHz.
It should be noted that while this filtering does increase the risetime and fall time of the discharge current and reduces the peak current amplitude, it does not significantly reduce the measurability of the total [Bracewell, 1986, p. 24] , and it is sufficient to consider the fields produced by an impulsive current, which we refer to as the propagation, impulse response. This impulse response is equivalently the Green's function for fields from an impulsive source for a specific and known source-receiver distance.
Propagation in a horizontally homogeneous waveguide like that considered here can be modeled efficiently by Fourier transform methods, from which a time domain waveform can be computed as the inverse Fourier transform of the frequency domain solution. This is the solution method we use in this work. When inhomogeneities are expected to play a major role, direct time domain (finite difference or finite element) methods become more useful.
The shape of an ELF waveform is strongly controlled by the bandwidth of the receiver with which it is observed. Consequently, we must apply the effective receiver filters to any modeled ELF waveform or impulse response so that it is directly comparable to the observed ELF sferics. Such filtering ensures that the modeled ELF impulse response is the impulse response of the entire system, including propagation and receiver effects. It is also possible to digitally illter the measured sferics after observation to impose a different frequency response, provided that the receiver response is flat at the frequencies where such postfiltering is applied. The frequency response of the receiver used in this work is flat to below 1 Hz [Fraser-Smith and Helliwell, 1985], and we impose a single-pole, 30 Hz high-pass filter to the observed and modeled sferics and spectra presented here. As discussed in section 3.2, this low frequency response can play a role in the detectability of slowly varying currents, so that we must keep the lower cutoff as low as possible, but not so low that the so-called Schumann resonances [Nickolaenko, 1997] contribute significantly to the observed signal. We also must apply a low-pass filter to the observed sferics in order to remove the QTM and QTE portions of the signal (which, as discussed in section 1, are only significant for f > 1.5 kHz), and we must apply the same filter to the modeled ELF impulse response for accurate comparison of modeled and measured sferics. This filter, which we implement as a thirtieth-order digital finite impulse response (FIR) filter with a-3 dB cutoff frequency of I kHz, is applied to all the waveforms and spectra in this work.
Frequency Domain Modeling
As the basis of our broadband ELF sferic propagation model, we use the single-frequency LWPC ELF-VLF propagation model [Pappert and Ferguson, 1986 ]. This general model allows for arbitrary orientation of the ambient magnetic field, arbitrary homogeneous ground permittivity and conductivity, and arbitrary altitude profiles of ionospheric electron and ion density. For ELF propagation, LWPC solves the time harmonic (i.e., single frequency) propagation problem using mode theory [Budden, 1961] , in which the fields at a distance from the source are produced by the QTEM waveguide mode. This mode, which is analogous to the TEM mode of a perfectly conducting parallel plate waveguide, is composed primarily of a horizontal magnetic field perpendicular to the propagation direction and a vertical electric field. row sporadic E layers [Barr, 1977] 
Calculating a Time Domain Waveform
The complex sferic spectrum which results from our frequency domain calculation (e.g., Figure 2 
Extracting the Source Current
The linearity and time invariance (on the millisecond timescales of individual sferics) of the propagation problem means that the relationship between the sferic waveform, current moment waveform, and propagation impulse response is a simple convolution, so that
f (t) = m,(r) h(t -•) dr, (4) where h(t) is the propagation impulse response, m•(t) is the source current moment, and f(t) is the ob-
served electric or magnetic field waveform. Suppose that we have observed a given sferic for which we know the propagation distance from discharge to receiver and can therefore model the ELF propagation impulse response h(t). We can extract the source To be physically reasonable, our solution i must be causal; that is, the current must be zero before the sferic starts, and it also must be strictly positive (because the vertical current in a single lightning discharge does not change direction). The direct solution of (6) does not guarantee either of these; thus they must be enforced through another technique.
One technique that accomplishes this is the method of projections onto convex sets (POCS) [Press et al., 1992, p. 804], which we implement in our solution to
enforce causality and nonnegativity in our solution.
We do not believe that our use of linear regularization introduces any systematic biases in the extraction of a source current.
Our choice of the deviation from a constant for a regularizing functional preferentially selects constant, positive currents and thus could lead to an overestimation of the total charge moment change. However, comparisons with a minimum total energy regularizing functional (which minimizes the total charge moment change and thus could lead to a systematic underestimation of the total charge moment change) show very little difference between these two techniques.
Testing the Deconvolution Method
We now test the linear regularization technique described in section 3.1 on a model ELF propagation problem. We assume a 2000 km propagation distance under the nighttime ionosphere shown in Figure 1. Figure 3 shows the calculated propagation impulse response for this scenario. Figure 4a Because the sferic amplitude generally decays with time, this fact prohibits extracting accurate source currents beyond some time after sferic onset. This time is generally later for larger sferic amplitudes (therefore with better SNR) and for lower low frequency receiver cutoff frequencies (thereby providing more signal at the lowest frequencies).
Application to an Observed Sferic
We now demonstrate the application of this technique to an actual observed sferic. The unfiltered magnetic field waveform shown in Figure 5a We should reemphasize that this deduced current moment is, in effect, a low-pass filtered version of the actual source current because of the bandwidth limitation of the observed sferics used in the calculation. Thus the measured current risetimes and peak currents are likely slower and lower, respectively, than in the actual lightning current. However, the cumulative charge moment change is measured accurately because of the smoothing nature of the integration required to calculate it. This feature makes the technique described here very powerful for remotely measuring charge moment changes.
There are a number of potential error sources in making a measurement of source current from observed ELF sferics. This technique requires an absolute calibration of the ELF receiver, and the Stanford receiver used in this work has a calibration error of •5%. Because we do not know the state of the ionosphere all along the propagation path, there is ways some difference between the modeled impulse response we use and the actual propagation impulse response. We have assessed this error by applying the technique to a single sferic with a range of reasonable ionospheric profiles, which indicates a •5% variability in the extracted charge moment magnitudes. As discussed in section 3.2, •che error most difficuk to quantify is that associated with the signal noise. This error can be significant, especially at later times when the current varies slowly, and one must be careful not to place too much significance on currents extracted at times when the SNR is low.
Summary and Conclusions
We have presented a technique by which lightning currents can be measured remotely from ELF observations of the radiated electric or magnetic field waveforms. This new technique has two components. The first is an accurate model of the propagation of the ELF energy from source to receiver which is used to invert the measurements. We developed such a broadband ELF propagation model based on the general, single-frequency LWPC ELF-VLF propagation model, in which we assume a horizontally homogeneous ionosphere. The second component is the deconvolution technique by which the source current moment can be extracted from the observed ELF sferic and the modeled ELF impulse response. We found linear regularization to be a useful deconvolution method for this problem, and we showed that the overall technique is robust in the presence of noise and demonstrated the application of this technique to extract the source current moment from observed sferics.
Because sferics propagate in the low-loss waveguide formed by the Earth and ionosphere and can therefore be observed very long distances from the source lightning (as far as around the world in the case of high-amplitude sferics), the technique described here represents a powerful method by which lightning currents can be measured over a large geographic area with a single receiver. Because the sferic frequencies used in this technique are limited to less than •1.5 kHz, the extracted source currents can be considered low-pass-filtered versions of the actual lightning current. While this fact effectively limits the measurable risetime of the source current and tends to reduce the measured peak currents, it does not limit the measurability of the total charge transfer in the discharge. For this reason this ELF technique has proved very useful in measuring lightning currents and charge transfers on millisecond timescales, such as those associated with sprites [Cummer et al., 1998b] .
